Summary Resistance to FCE 24517 is not related to the emergence of any of the most frequently observed phenotypes. We have found that two resistant cell lines (L1210/24517 murine leukaemia and LoVo/24517 human colon adenocarcinoma) present congenital modifications in tyrosyl phosphatase and kinase activities. Moreover, the cytotoxic activity of FCE 24517 is increased in combination with a tyrosine phosphatase inhibitor and decreased in combination with protein kinase inhibitors, this being in agreement with the hypothesis that the activity of this drug is strictly dependent on the presence of tyrosine phosphorylated protein(s).
FCE 24517 (tallimustine), a benzoyl mustard derivative of distamycin A, is a new anti-tumour agent which has shown a remarkable preclinical anti-tumour activity (Barbieri et al., 1988; Arcamone et al., 1989) and is now in phase II clinical trials (Abigerges et al., 1993; Hageboutros et al., 1994; Sessa et al., 1994) .
A murine leukaemia L1210 line (L1210/24517) and a human colon adenocarcinoma line (LoVo/24517) resistant to FCE 24517 have been recently described (Capolongo et al., 1993; Geroni et al., 1993) . These cell lines maintain the same growth features and biological behaviour as the parental line and are specifically resistant in vitro and in vivo to the selecting agent and other distamycin A derivatives bearing different alkylating moieties, such as nitrogen mustard, epoxycarbonyl and halogenoacriloyl group on the N-terminal position of distamycin A (D'Alessio et al., 1994) . As regards other cytotoxic agents, the L1 210/24517 subline does not present the multidrug resistance (MDR) phenotype and is fully sensitive to anti tumour compounds involved in the MDR mechanism and to alkylating agents (e.g. cisplatin) (Geroni et al., 1993) . Moreover, it is partially cross-resistant to melphalan, this resistance being accounted for by higher glutathione and glutathione-S-transferase intracellular levels, which however do not influence the resistance to FCE 24517 (Geroni et al., 1993; Tagliabue et al., 1993) . The LoVo/24517 subline is partially different, because it is marginally resistant to doxorubicin, and vinblastine, because the mdr-I mRNA expression is elevated 2-fold. In this case the resistance selected by FCE 24517 is partially mediated through p170 overexpression, but the main mechanism still remains to be established.
Further possible explanations for drug resistance were examined, such as, for example, the presence of a more efficient repair of the DNA damage caused by FCE 24517. This compound is able to alkylate adenine-N3 located in highly specific DNA sequences (Broggini et al., 1991) and therefore an increase in adenine N3 glycosylases could protect the cells; however, the significant cross-resistance to the parent compound distamycin A, which is not an alkylating agent, is completely in contrast with this hypothesis. We (1 ml per tube) and treated for 1 h with different concentrations of FCE 24517 in the presence of Na-V or protein kinase inhibitors. At the end of the treatment, the cells were washed and incubated in drug-free medium for 48 h; inhibition of cell growth was evaluated by counting surviving cells in a ZBI Coulter Counter (Hialeah, FL, USA). LoVo and LoVo/24517 cells were seeded in 35 mm plastic dishes at a concentration of 600 cells per dish; after 24 h cells were treated with Na-V for 48 h. FCE 24517 was added for the last 4 h, then the medium was replaced with fresh medium and colonies were counted after 8-10 days using an optical microscope.
The 50% inhibitory concentration (IC50) was calculated on the derived concentration-response curves. For each drug concentration duplicate cultures were used.
Antiphosphotyrosine blots For total protein extracts, cells in exponential growth were washed twice with phosphate-buffered saline (PBS) and treated with 1 mm Na-V for 15 min (LoVo cells) or 60 min (LI210 cells) in serum-free medium. After exposure, the pelleted cells were solubilised in boiling Laemmli buffer. The cell lysates were immediately boiled for 5 min and sonicated.
In each sample of total protein extracts the protein content was estimated by the Pierce protein assay (bicinchoninic acid assay) and adjusted to an equivalent concentration in order to load 300 1.g of protein per lane for separation by SDS-PAGE on a 10% acrylamide slab gel.
The SDS-PAGE separated proteins were transferred electrophoretically to a nitrocellulose sheet that was soaked as described (Toedin et al., 1979 ). The nitrocellulose sheets were then incubated 1 h at room temperature in the presence of 2 tig ml-' of antiphosphotyrosine antibody monoclonal IgG2bk (UBI, Lake Placid, NY, USA). After washing, blots were incubated with horseradish peroxidase-linked whole antibody anti-mouse Ig at room temperature for 1 h. Detection using the ECL reagents (Amersham, UK) was accomplished by mixing them in a ratio of 1: 1 and applying to the nitrocellulose surface for 1 min. Excess reagent was drained off and the membrane exposed for 30 s to Hyperfilm-ECL.
The molecular weight of the phosphoproteins was estimated relative to the electrophoretic mobility of cotransferred, prestained protein standards (Amersham, UK).
The total optical density of the different lanes was measured using an Imaging Analyser (Vidas Plus, Zeiss), program Ibas 20, Kontron Electronik. Figure 1 shows the difference observed after immunodetection of the same blotted gels with an antiphosphotyrosine monoclonal antibody: a general reduced phosphorylation in tyrosine was present in the LoVo/24517 proteins (lane 4 in comparison with lane 1) together with a reduced sensitivity of the resistant line (lanes 5 and 6 in comparison with lanes 2 and 3) to a 15 min treatment with a tyrosine phosphatase inhibitor, sodium orthovanadate (Tonks et al., 1988) . Figure 2 shows the quantitative densitometric evaluation of three repeated experiments on LoVo and LoVo/24517 cells and of similar experiments on L1210 and L1210/24517 cells: also in the case of L1210 cells, the proteins of the resistant line presented a reduced phosphorylation in tyrosine.
Studies on phosphotyrosyl-specific phosphatase activity
The general picture of reduced tyr-phosphorylation seen in total protein extracts of both resistant sublines was in agreement with the hypothesis of a modification either in the tyr-phosphatase activity or in the tyr-kinase activity of the resistant sublines. The total PTPase activity in membrane extracts of both sensitive and resistant subclones was evaluated as the ability to dephosphorylate 32P-myelin basic protein phosphorylated by abl oncogene product.
As shown in Figure 3 the phosphotyrosyl-specific phosphatase activity is increased in the protein membrane extract of L1210/24517 cells in comparison with the activity of the membrane extract of the parental L1210 cell line, whereas no difference was observed with LoVo On the contrary, a decreased tyrosine kinase activity was observed in the LoVo/245 17 extract in comparison with LoVo extract, whereas no change was observed in the same membrane extracts of L1210 cell lines (Figure 4) . The addition of FCE 24517 in these assays had no effect (not shown).
Effect of sodium orthovanadate treatment on FCE 24517 cytotoxicity With the aim of confirming that the regulation of tyrosine phosphorylation was related to resistance to FCE 24517, we tested if the treatment with an inhibitor of the tyrphosphatase activity could affect the sensitivity of both sensitive and resistant cell lines to FCE 24517.
As shown in Table I , a 48 h pretreatment with non-toxic doses of sodium orthovanadate (2.7, 5.4 and 10.8 gM for L1210 lines and 12.5 and 17 LM for LoVo lines) was observed to increase the cytotoxic activity of FCE 24517 in a dose-dependent way.
Effect ofprotein kinase inhibitors treatment on FCE 24517 cytotoxicity The same treatment reported for sodium orthovanadate has been repeated with different classes of protein kinase inhibitors. On LoVo cell lines, no significant modification of FCE 24517 cytotoxicity has been observed in combination with the tyr-kinase inhibitor genistein and the protein kinase inhibitor staurosporine. The only effect was observed with the tyr-kinase inhibitor quercetin: the ID50 value of FCE 24517 in combination with 6.6 nM quercetin was increased by 49% and 41% for LoVo and LoVo/24517 respectively. bAll the Na-V doses used in combination with FCE 24517 are non-toxic (survival > 75%).
cForty-eight hours treatment with Na-V. FCE 24517 was added for the last hour. Cell number was evaluated after 48 h.
Higher doses of quercetin were toxic. On L1210 cell lines, no influence on the cytotoxic activity of FCE 24517 was observed with genistein and herbimycin. phosphatase inhibitor (sodium orthovanadate) in combination with FCE 24517 it is possible to increase the cytotoxic effect of FCE 24517. This effect is evident not only on the resistant cells but also on the sensitive cells: it is not a reversion of the resistance phenotype, but a demonstration of the importance of tyrosine phosphorylation for the mode of action of FCE 24517.
In agreement with this hypothesis, an opposite effect has been observed in combination with two protein kinase inhibitors (quercetin and staurosporine) on L1210 and L1210/24517 cells. This effect was less evident on LoVo cells: a combination of more than one protein kinase inhibitor could be necessary on this model.
The mechanism of resistance selected by treatment with FCE 24517 in L1210 leukaemia and LoVo colon adenocarcinoma cells has not been found correlated to any of the changes frequently involved in the drug resistance.
One of the mechanisms most frequently involved in the cell resistance to cytotoxic drugs is the decrease of drug accumulation, either by decreasing its uptake or by increasing the efflux. In fact many tumour cell lines become resistant to structurally and functionally unrelated compounds with the overexpression of the mdr-J gene, coding for a P-gp 170 that acts as a drug efflux pump (Endicott and Ling, 1989; Gottesman, 1993) . L1210/24517 cells are MDRl-negative (Geroni et al., 1993) and LoVo/24517 cells present only a 2-fold increase in mdr-J gene (Capolongo et al., 1993) .
More similar to the L1210/24517 and LoVo/24517 cell lines is a nitrogen mustard-resistant Walker 256 rat breast carcinoma cell line which presents changes in the phos' phorylation balance. However in this case a different enzyme is involved: a decreased specific activity of a cAMPdependent protein kinase influenced a different nuclear matrix protein phosphorylation profile (Moy and Tew, 1986) .
Moreover, a decreased phosphorylation of a p66 protein has been described in the membrane of a L1210 cell line resistant to cisplatin (Xuan et al., 1994) , which also exhibited a decreased methotrexate uptake.
From the data presented here a balance between tyrosine phosphorylation and dephosphorylation activity seems to be important for the activity of FCE 24517. We have hypothesised that the protein(s) involved in the mode of action of this drug need to be phosphorylated to work.
Experiments to identify the protein(s) involved in the mode of action and, consequently, in the resistance mechanism of FCE 24517 are in progress.
